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We demonstrate modifications to the light yield properties of an organic liquid scintillator due
to the localization of the tertiary fluorophore component to the surface of Ag-core silica-shell
nanoparticles. We attribute this enhancement to the near-field interaction of Ag nanoparticle
plasmons with these fluor molecules. The scintillation light yield enhancement is shown to be
equal to the fluorescence enhancement within measurement uncertainties. With a suitable
choice of plasmon energy and scintillation fluor, this effect may be used to engineer scintillators
with enhanced light yields for radiation detection applications. VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4807146]
The demand for brighter, cheaper, and faster scintillators
for applications such as border screening detectors1 and
nuclear medicine imaging2 has seen recent innovation in
scintillation materials research. This has included the
development of inorganic scintillating crystals,3,4 organic
scintillators,5–7 inorganic/organic hybrid materials,8 and
scintillators incorporating nanomaterials.9–11 However, de-
spite some recent theoretical advancements,12,13 the proper-
ties of scintillation materials cannot be accurately predicted
a priori, hindering the design of scintillators with desirable
properties.
Recent advances in fluorescence enhancement provide
an avenue for engineering scintillation materials. Plasmonic
nanoparticles (NPs) induce enhanced light yields and
reduced decay times in nearby fluorophores.14,15 This extra-
ordinary plasmonic enhancement is due to the large optical
absorption cross section for the excitation of the nanopar-
ticle’s Localized Surface Plasmon Resonance (LSPR), which
in turn generates extremely high ~E fields near the surface
of the nanoparticle. Resonant dipole-dipole coupling
between the LSPR ~E field and nearby fluorophores
can be achieved, provided there is a suitable molecular
transition, allowing efficient excitation of the fluorophore.
Plasmonically enhanced fluorescence has potential applica-
tion in light-emitting diode (LED)16,17 and biomolecular
sensing18 technologies, amongst others.
By incorporating appropriate plasmonic nanoparticles
into scintillation materials, an analogous enhancement can
be observed. In this Letter, we report the plasmonic enhance-
ment of the light yield of a liquid scintillator.
The excitation mechanism associated with scintillation
is more complicated than fluorescence. Rather than direct
optical excitation of the fluorophore, scintillation requires
excitation transfer from the solvent to fluorophore, and
optionally additional excitation transfer stages to secondary
and tertiary wavelength-shifting fluorophores. For this study,
we have designed a liquid scintillator with 9-Aminoacridine
(9-AA) covalently bound to the surface of a Ag-core silica-
shell nanoparticle acting as a plasmonically enhanced
wavelength-shifting component (Figure 1).
Scintillation detection does not rely upon the direct
excitation of fluorophores by ionising radiation, due to the
low fluorophore concentrations that are used to avoid
concentration quenching. Rather, solvent excitation is passed
either radiatively or non-radiatively via F€orster Resonant
Energy Transfer (FRET) to nearby fluor molecules.
Secondary and tertiary fluor molecules may be excited in a
similar manner by the primary or secondary fluorophore,
respectively. The nanoparticle–9-AA composite forms a
tertiary fluor component in our scintillator and is therefore
excited via either FRET or optical excitation by secondary
fluorophore emission. The components of the scintillation
cocktail were chosen so the emission and absorption spectra
of molecules in the excitation chain overlapped sufficiently
to allow these optical processes to occur (Figure 2).
A stock scintillator containing 6.6 g/L 2,5-diphenyloxa-
zole (PPO) and 0.66 g/L 1-4,bis-2 -(5-Phenyloxazolyl)-
benzene (POPOP) in toluene was prepared and diluted by a
factor of 2 using Triton X-100 to allow incorporation of the
aqueous phase.
We then covalently bound the 9-AA fluorophore
component to the surface of silver-core silica-shell
NPs using a cyanate functionalization method.19,20 10 g/L of
polyvinylpyrrolidone-stabilized NPs with 10 nm core radius
and 10 nm shell thickness were dissolved in water. The
solution pH was adjusted to 10.5 using 1M NaOH. The
nanoparticle surface was functionalized with cyanate by
adding 7.5 g/L cyanogen bromide and tumbling for 60min.
The solution was then diluted by a factor of 2 with a
sodium borate buffer, pH 8.8. Several aliquots were taken
and 9-AA was added to make 0.129, 0.0656, 0.0331, 0.0166,
and 0.00833 g/L solutions. These were tumbled overnight
to allow the 9-AA to covalently bind to the cyanate-
functionalized nanoparticles. Controls were also prepared
using an identical process except for the addition of cyano-
gen bromide, resulting in free 9-AA and non-functionalized
NPs of identical concentration to the samples.
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1mL of the 0.129 g/L 9-AA sample and control were
added to separate aliquots with 9mL of water. Fluorescence
spectra (Figure 3) were taken using a custom-built spectrom-
eter with a 370 nm excitation source. A fluorescence yield
enhancement of 1.23 relative to the control was observed.
Given that the fluorescence quantum yield of 9-AA is al-
ready close to 1,21 most of the observed enhancement must
be due to the enhanced absorption by the NPs.
Liquid scintillation cocktails were prepared by adding
0.1mL of each of the NP–9-AA sample and control solutions
to 9.9mL of the stock scintillator. Fluorescence spectroscopy
of the aliquots with the highest 9-AA concentration was car-
ried out. The fluorescence light yield enhancement is smaller
for the scintillation cocktail, at 1.13. This is because POPOP,
9-AA, and the NPs each absorb at 370 nm (Figure 2), so that
competition with the unenhanced POPOP fluorescence com-
ponent causes an apparent reduction of the enhancement.
This additional light yield component may be seen from a
comparison of the emission spectra of the aqueous sample
and the scintillation cocktail sample (Figure 4). Nonetheless,
the observed light yield enhancements relative to the free
nanoparticle control give confirmation that the localization
of the 9-AA to the near-field of the plasmonic nanoparticles
induces resonant plasmon-fluorophore excitation transfer.
In order to assess the scintillation properties of the NP
sample and the non-functionalized NP control; each were
measured in a custom-built scintillation detector,22 with
three photodetectors operating in coincidence. 59.45 keV
c-rays from an external collimated 241Am source were
used to excite the scintillator. A comparison of the triple-
coincident count rate for these samples indicates a scintilla-
tion count rate enhancement of 3.9%–7% that varies with the
9-AA concentration (Figure 5). As the only difference
between the sample and control solutions is the localization
of the 9-AA to the surface of the NPs, we attribute this
difference to plasmonic enhancement.
The observed plasmonic scintillation enhancement was
not as large as that observed for the fluorescence of the same
samples. This discrepancy can be attributed to the differen-
ces between the detection techniques. Whereas fluorescence
measures the intensity of light emitted by a sample under
constant excitation over an integration period, scintillation
counting is a triggered measurement of much lower light
levels excited by discrete events.
A model relating the scintillation detection efficiency to
the light yield can be used to compare these measurements
via comparison of the fluorescence and scintillation light
yield enhancements. It can be shown23,24 that for a spectrum
of energy deposits within the scintillator, S(E), that spans the
range ½0;Emax, the triple-coincidence detection efficiency
may be written as
FIG. 2. The absorption and fluorescence spectra for several scintillation
components. The secondary fluorophore POPOP emission spectrum is suita-
ble for exciting the Ag-core, silica-shell NP. The 9-AA absorption spectrum
allows resonant coupling to the near-field of the excited NPs. The NP
absorption spectrum is narrow enough to not attenuate the 9-AA emission
spectrum at longer wavelengths.
FIG. 4. The normalized fluorescence spectra associated with the 9-aminoa-
cridine-coated plasmonic nanoparticles in water (dashed trace) and emulsi-
fied in the scintillation cocktail (solid trace).
FIG. 1. Schematic of the plasmon-enhanced scintillation process. Ionising
radiation deposits excite the solvent, and the excitation migrates to the pri-
mary and secondary fluorophores. The large optical absorption cross section
of the plasmonic nanoparticle ensures efficient excitation of the LSPR. The
surface-bound fluorophore is resonantly coupled to the LSPR near-field, pro-
viding enhanced excitation.
FIG. 3. The fluorescence emission intensity of plasmonic nanoparticle surface-
bound 9-AA (solid trace) relative to a free 9-AA control (dashed trace).
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where ki is the mean number of detectable photons incident
upon the ith photomultiplier per unit energy deposit in the
scintillator and is thus proportional to the scintillation light
yield. Q(E) is a correction for the scintillation non-
linearity—for which we have used the Birks Model25 with a
non-linearity parameter of kB¼ 0.010 cm/MeV. We have
calculated S(E) for our detector geometry using the GEANT4
Monte Carlo-based radiation transport modeling toolkit,26
version 9.5p01.
We used the Triple-to-Double Coincidence Ratio
(TDCR) method27 to determine ki for each photomultiplier
and calculated the detection efficiency to the external source
using Eq. (1).
Using this model, we have calculated that if the scintilla-
tion light yield enhancement is equal to the observed fluores-
cence light yield enhancement of 1.13, the predicted
detection efficiency enhancement of the highest concentra-
tion 9-AA source is 1.048. This predicted value agrees with
the measured value of 1.0516 0.004 within one standard
deviation, confirming that the scintillation light yield
enhancement is equal to the fluorescence enhancement.
In summary, we have used 9-aminoacridine covalently
bound to colloidal silver-core silica-shell nanoparticles to
demonstrate the plasmonic enhancement of the light yield of a
scintillator. We have also shown that despite differences in ex-
citation mechanism, the plasmonic fluorescence enhancement
is equal to the scintillation enhancement. This suggests that it
may be possible to incorporate materials previously developed
for fluorescence into plasmonically enhanced scintillators.
These results are expected to be applicable to other scin-
tillation matrices. Naturally amenable materials include plas-
tic scintillators, scintillating paints, and other 2D scintillating
surfaces, quantum dot scintillators and scintillating fibres.
The authors thank Dr. Ian Watson for the use of his lab-
oratory facility.
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